Huntington's disease (HD) is an autosomal dominant neurological disease. It is a fatal neurological disorder affecting 5-10 out of 10 000 people. While there are intensive research efforts focusing on uncovering molecular mechanisms of the pathogenesis of HD, a number of studies have begun to look for effective therapies for HD. There is a large body of encouraging news on novel therapeutic developments. The present paper reviews drugs used for symptomatic treatment of HD and experimental therapies targeting HD molecular pathology.
Introduction
Huntington's disease (HD) is a devastating neurological disorder without effective treatment. It is characterized by involuntary movement, cognition impairment, and psychological disturbance. The disease affects 5-10 out of 10 000 people in western countries. HD is a fatal neurological disorder and death usually occurs approximately 20 years after the onset of symptoms. Therefore, there is an urgent need for developing effective therapies for HD. The genetic cause of HD was uncovered in 1993 [1] . The disease is linked to an expansion of polyglutamine in the novel protein, huntingtin. Since 1993, extensive research efforts have been made to understand pathogenic mechanisms of mutant huntingtin. Multiple molecular mechanisms seem to be involved in HD pathogenesis [2] . Researchers are actively investigating possible effective therapies based on our current understanding of the molecular pathology of HD. One approach that has been explored is high-throughput screening for small molecules affecting specific molecular targets. Potential targets for high-throughput chemical screenings include molecular chaperones, caspases, the ubiquitin/proteasome proteases, transcription factors, and the offending polyglutamine-containing proteins themselves. Much attention has been focused on screening for drugs that prevent aggregation of huntingtin with expanded polyglutamine tract. In vivo screenings are also being planned or are under-way using transgenic HD mice and Drosophila [3] . The other approach is to use recent advances in molecular biology of neurotrophic factors, neuronal tissue transplantation and cell engineering in HD therapeutic developments with the aim of retarding or reversing HD pathology, but without complete understanding of the molecular pathogenic mechanisms. Both approaches are moving at a fast pace and we expect new therapies will be available clinically soon. This paper reviews current treatments for clinical symptoms of HD and the development of novel therapies targeted at the molecular pathogenic mechanisms of mutant huntingtin.
Developing novel therapies aimed at mutant huntingtin
The expansion of the polyglutamine tract in huntingtin causes the "gain-of-function" mutation. Gained functions include misfolding and aggregation, abnormal protein interactions, and dysregulation of transcription conferred In vitro, N-terminal first 171aa with 58Q [13] on mutant huntingtin. The ideal therapy should correct these acquired properties in mutant huntingtin.
Compounds inhibit mutant huntingtin aggregation
The in vitro aggregation of huntingtin involves a conformational change of the polyglutamine segment from a random coil to an amyloid structure, and is in some ways paralleled in cell culture by the formation of cytoplasmic aggregates and nuclear inclusions [4] [5] [6] . Neuronal inclusions containing aminoterminal fragments have also been detected in HD brains and have become a hallmark of HD pathology. The role of huntingtin aggregates and inclusions in pathogenesis is still being debated, as they may or may not correlate to cell death [7] . Whether the formation of huntingtin aggregates in the brain is the cause or merely the consequence of the disease is unclear. However, aggregation of mutant huntingtin has been shown to be related to HD progress. Keeping mutant huntingtin from aggregation would provide a way to prevent the progression of the disease.
Several laboratories have screened the NIH (National Institutes of Health) Small Compounds Library with in vitro aggregation assay using purified bacterial-expressed N-terminal huntingtin fragments or in vivo cell-based aggregation assay. Table 1 shows some published small compounds that directly inhibit aggregation of mutant huntingtin.
These direct aggregation inhibitors have been tested in various HD models such as cell culture, HD Drosophila and transgenic HD mice. Congo Red showed protective effects on survival, weight loss, and motor function even after the onset of symptoms of HD in R6/2 transgenic mice. The underlying mechanisms of Congo red include keeping mutant huntingtin fragments from aggregating and increasing the accessibility of huntingtin by proteasome [14] . Y-27632, an inhibitor of the Rho-associated kinase p160ROCK, prevents polyglutamine protein aggregation in cultured cells and reduces neurodegeneration in an HD Drosophila model [9] . Among benzothiazoles, the strongest inhibitors of mutant huntingtin aggregation, with IC 50 ranging from 1.2-11.0 µmol/L in the in vitro assay, are very toxic to the cells. But two weak inhibitors with lower IC 50 are nontoxic and effective in reducing the aggregation of mutant huntingtin fragments in a cellbased assay. Riluzole, a glutamate release inhibitor, showed neuroprotective effects in R6/2 transgenic HD mice by prolonging their survival and delaying progressive weight loss, but had no effect on motor coordination, locomotor activity, and the formation of neuronal intranuclear inclusions (NII) [11] . Trehalose, a disaccharide, reduced aggregation of mutant huntingtin fragments in cells and NII in R6/2 HD transgenic mice. It was proposed that trehalose binds to expanded polyglutamines to prevent aggregation. R6/2 HD mice treated with trehalose showed improved motor function and extended lifespan [12] . Celastrol, a natural bioactive compound, was effective in reversing the abnormal cellular localization of full-length mutant huntingtin observed in striatal cells derived from Hdh Q111/Q111 knock in mice [13] . Compounds identified by cell-free aggregation assay are usually either non-effective in the cell-based aggregation assay or toxic to cells. For example, many active benzothiazoles [10] , compounds identified by cell-based assay usually reduce aggregation of mutant huntingtin fragments by indirect mechanisms, such as Y-27632 [9] . Combining both cell-free and cell-based assays would make a more reliable prediction of potential small molecules for further drug development. Most experiments used for screening and testing compounds, including in vitro aggregation assays, cellbased aggregation assays, HD Drosophila and HD transgenic mice, are based on small N-terminal huntingtin fragments with an expanded ployglutamine tract. Still uncertain is the effectiveness of these compounds in transgenic HD mice, particularly when full-length mutant huntingtin is expressed. As more and more laboratories are conducting screening and developing aggregation inhibitors, it is expected that more and more effective compounds will be identified.
In addition to direct aggregation inhibitors, inhibitors of cell toxicity caused by over-expression of N-terminal fragments with expanded ployglutamine tract were also screened from bioactive compounds [15] . Caspase inhibitors and cannabinoids showed protective effects with EC 50 of 10 µmol/L and 30 µmol/L, respectively. Induction of expression of heat shock proteins with geldanamycin also inhibited huntingtin aggregation and huntingtin induced cellular toxicity [16] . Transglutaminase inhibitor It has been shown in vitro that transglutaminase (TGase) can use huntingtin as a substrate to cross-link huntingtin molecules [17] , and gives preference to huntingtin with polyglutamine more than 36 repeat [18] . TGase activity was found to have increased in HD postmortem brains, and aggregated huntingtin catalyzed by TGase were found in NII [18] . TGase provides an additional mechanism for the formation of aggregation of mutant huntingtin. This suggests that TGase might play a role in HD pathogenesis and, therefore, is a potential therapeutic target. Cystamine is an inhibtor of TGase [19] . Treatment of R6/2 transgenic HD mice with cystamine showed a small but significant neuroprotective effect with improvement of motor function, survival and loss of bodyweight. However, whether it can reduce mutant huntingtin aggregates is not clear as contradictory results were reported [20] . The underlying mechanism(s) is complicated as cystamine is also an antioxidant and increases transcription of certain neuroprotective chaperones, HDJ1/Hsp40 [21] . Protease inhibitors Recent findings showed that huntingtin can be cleaved by proteases, including caspases [22, 23] , calpain [24, 25] , and aspartyl protease [26] . N-terminal huntingtin fragments were found in postmortem HD patients' brains [27] , and YAC transgenic mice that expressed full-length human huntingtin with expanded polyglutamine tract [28] . Because caspase and calpain-mediated partial cleavage of mutant huntingtin promotes huntingtin aggregation and cellular toxicity, inhibitors of huntingtin partial cleavage might have therapeutic values.
The potential capases cleavage sites are located within amino acids 513-586 and only capases 2, 3, and 6 were found to be effective [23] . Calpain cleaves huntingtin at amino acids 469 and 536 [25] . Aspartic endopeptidases release two distinct mHtt fragments, cp-A and cp-B, by cleaving huntingtin between amino acids 104-114. Cp-A is the major fragment that aggregates in the nucleus [26] . In the cell based assays, caspase-resistant and calpain-resistant htts with expanded polyglutamine tract were reported to decrease aggregate formation and reduce cytotoxicity [23, 25] . Caspase inhibitors, z-VAD-fmk and z-DEVD-fmk, can prevent cleavage of huntingtin by caspases and reduce cytotoxicity caused by expanded polyglutamine tract [23, 29] . As N-terminal huntingtin fragments produced by caspase and calpain mediated cleavage are localized in the nucleus and prone to aggregate, this might contribute to HD pathogenesis. Protease inhibitors could reduce N-htt fragments and, in turn, prevent or delay disease progression. A few studies demonstrate that the caspase inhibitor minocycline was able to inhibit huntingtin aggregation, retard disease progress and prolong the lifespan of HD mice [30, 31] . So far, there is no good inhibitor for calpain and aspartic endopeptidases that have been developed and tested against mutant huntingtin.
Apoptosis or programmed cell death is implicated in HD pathogenesis by the observations of the elevation of cytochrome c in the cytoplasm [32] and activation of caspases 1, 3, 8, and 9 [32] [33] [34] . Thus, the apoptosis pathway is a reasonable target for HD therapy. In one study, intracerebroventricular administration of z-VAD-fmk, as an inhibitor of apoptosis, for 4 weeks starting at the age of 7 weeks improved survival of R6/2 mice by 24.8% [34] . However, in another study, administration of other apoptosis inhibitors, YVAD-fmk and DEVDfmk individually, showed no effects at all, though they can extend the lifespan of R6/2 mice by 17.2% [30, 31] . As therapeutic agents, caspase inhibitors might act on two targets: mutant huntingtin to prevent the release of toxic N-terminal fragments and apoptosis to prevent neurons from death caused by mutant huntingtin.
Histon deacetylase (HDAC) inhibitors Huntingtin interacts with several important transcription factors, including cAMP-response element binding protein (CBP), TATA box binding protein (TBP), specificity protein-1 (SP1), nuclear factor-κB (NF-κB) [35] [36] [37] . Some of these are reportedly found in huntingtin aggregates. Altered gene expression was found in the R6/2 transgenic HD mice at the ages of 6 and 12 months [38] , and in full-length huntingtin transgenic mice [39] . Abnormal transcription might be caused by direct interactions between mutant full-length huntingtin or its fragments and transcription factors, which in turn change the normal transcription mediated by these transcription factors. Mutant huntingtin can affect transcription by altered binding to transcription factors not recruiting them into aggregates. This means that altered transcription is an early event in HD pathogenesis caused by soluble mutant huntingtin, either fulllength or fragmented before forming aggregates. This notion is supported by several lines of evidence: (1) no CBP, TBP, or SP1 could be found in huntingtin inclusions in several HD mouse models and they maintained normal cellular levels in these mice [40] ; (2) less SP1 was found to bind to DNA in the presence of mutant huntingtin in vitro [36] and in vivo [41] .
Reversal of the altered transcription might be a way to retard HD progression. Inhibitors of histone deacetylase (HDAC) can increase gene transcription and have been examined as a potential therapy in both HD Drosophila and transgenic R6/2 HD mice. Suberoylanilide hydroxamic acid (SAHA), a selective HDAC inhibitor, reduced neurodegener-ation in HD Drosophila [42] . In R6/2 mice, SAHA increased histone acetylation and ameliorated motor deficits. However, it did not affect the aggregation and loss of brain weight [43] . Another HDAC inhibitor, sodium butyrate, improved survival of R6/2 mice in a dose-dependent manner by up to 21.7% when administered intraperitoneally at a dose of 200-10 000 mg·kg
. This treatment increased acetylation of histon 3, histon 4, and SP1, improved motor performance and bodyweight loss, and decreased atrophy of the brain and striatum. But sodium butyrate had no effect on the formation of immunoreactive huntingtin aggregates [44] . Gene therapy Gene therapy is another potential therapeutic method for HD in addition to the small compounds described above. Intracellular antibodies (intrabodies) and RNA interference (RNAi) are 2 potential methods that could be used for gene therapy of HD. Intrabodies are a powerful tool to study protein functions in vivo and also a potential therapeutic approach delivered by gene therapy [45] . This is achieved by expressing single-chain variable region fragments (svFv or sFv) of the antibody intracellularly to bind an intracellular target [46] . One intrabody selected from a human sFv phage display library, which is specific for the first 17 amino acids of human huntingtin, dramatically reduced the aggregates formation when cotransfected with huntingtin, with expanded polyglutamine tract and a GFP tag [47] . A recent study reported that an intrabody consisting of only a single light chain variable domain selected from a non-immune human antibody library against the first 20 N-terminal amino acids of human huntingtin and affinity matured with yeast surface display method, inhibited mutant huntingtin aggregation in both cell-free and cell-based assays [48] . The small size of this single-domain intrabody enables it to diffuse into the nucleus readily. Given its small size and human origin, it should be a more practical approach in gene therapy. The recognition site of the intrabody determines whether the intrabody has beneficial effects. In addition to intrabodies recognizing the first 17 or 20 amino acids of huntingtin, the intrabody recognizes the polyproline domains of huntingtin inhibited aggregation and reduces the cell death caused by mutant huntingtin. However, an intrabody recognizing polyglutamine region actually promoted aggregation and apoptosis [49] . Recently developed RNAi technology provides a powerful way to reduce target gene expression in cell cultures and in brains [50] . To explore its potential therapeutic effects in polyglutamine diseases, double-stranded RNA (dsRNA), which induces RNA interference, was used to test against polyglutamine induced cell toxicity [51] . dsRNA can cause sequence-specific, not allele-specific inhibition of huntingtin translation. In mammalian cells, dsRNA reduced the toxicity and caspase-3 activation caused by expression of expanded polyglutamine tract. The outcome of a recent breakthrough in studying spinocerebella ataxia 1 (SCA1) demonstrated a bright future in using RNAi in HD [52] . Both SCA1 and HD belong to a group of severe neurodegenerative diseases caused by expansion of the polyglutamine tract in proteins. In the study, after recombinant adeno-associate virus (AAV) vectors expressing short-hairpin RNA (shRNA) were injected into the cerebellar region of the brain of transgenic SCA1 mice expressing transgenic human disease allele (ataxin-1-Q82), the cerelellar morphology was significantly improved and ataxin-1 inclusions were reduced in Purkinje cells, while there was no effect of the RNAi vectors in wild-type mice [52] . RNAi targets both the mutant and wild-type allele, however, it does not completely eliminate the mRNA and protein synthesis. Huntingtin plays a critical role during development as shown by the fact that huntingtin knock-out mice are embryonic lethal. However, reducing huntingtin after birth and before the onset of the disease could have minor effects on its normal function. Also, reduction of mutant huntingtin should delay the onset of disease or disease progression. Taken together, RNAi is a potential therapy for HD and will be tested in transgenic mice soon. RNAi targeting mutant huntingtin allele is also currently under development.
Neuron protection and replacement therapy
The goal of neuroprotective therapy is to preserve vulnerable neurons, restore neuronal function or replace lost neurons. These therapies do not require a full understanding of the molecular mechanisms of HD. Thus, they could be useful strategies for the present treatment of HD.
Neurotrophic factors Neurotrophic factors interact with three types of membrane receptors, named TrKA, TrKB, and TrKC. These receptors have tyrosine kinase activity. Nerve growth factor (NGF) binds to TrKA receptors, and brain derived neurotrophic factor (BDNF) and neurotrophin-4/5 (NT-4/5) bind to TrkB, whereas neurotrophin-3 (NT-3) binds preferentially to TrkC [53] . Neurotrophic factors play critical roles in neurodevelopment and support neuronal survival and plasticity of mature neurons. In a variety of neuronal injury models, neurotrophic factors have been shown to protect neurons from death and to promote functional recovery. Thus, neurotrophic factors have long been suggested as therapeutic candidates for neurodegenerative disorders including Parkinson disease and HD.
Beneficial effects of neurotrophic factors in HD have been demonstrated in animal models of HD. Excitotoxins and mitochondrial toxins have been used for producing animal models of HD because they induce degeneration of striatal neurons mimicking pathological features of HD. In these HD animal models, administration of neurotrophic factors reduced neuronal damage and behavioral deficits. Neurotrophins are introduced into brains by direct injection, implantation of engineered cells producing neurotrophins, or using viral expression vectors. Direct injection of neurotrophins into brains would not be clinically practical, but transplantation of neurotrophin producing cells into brains is feasible to achieve long lasting delivery of neurotrophins [54] . To minimize immunoresponse to implanted cells, different methods of encapsulation of cells have been developed. These technologies have greatly reduced host immune response and prolonged survival of implanted cells. In a reported study, polymer-encapsulated cells secreting human NGF survived as long as one year after transplantation into rat ventricles [55] . Instriatal administration of quinolinic acid (QA), a selective NMDA receptor agonist, causes apoptotic death of striatal projection neurons, but striatal interneurons are mostly spared [56] . This pathology is similar to that found in HD brains. In QA-induced rodent models of HD, intrastriatal injection of adenovirus encoding BDNF protected neurons from QA-induced striatal lesions as revealed by histological examinations. Immunocytochemistry revealed that viral expression of BDNF increased survival of striatal GABAergic projection neurons [57] . In another study, cell lines expressing BDNF, NT-3, or NT-4/5 were grafted in the adult rat striatum before QA injection. Seven days after QA injection, immunohistological examination confirmed protection of striatal projection neurons by neurotrophins. QA injection alone or in combination with the control cell line induced a selective loss of striatal projection neurons. Grafting of a BDNFsecreting cell line prevented the loss of all types of striatal projection neurons analyzed [58] . Neuroprotective effects of transplantation of CTNF producing cells were also demonstrated in non-human primate HD models. Emerich et al gave Cynomolgus monkeys intrastriatal implants of polymerencapsulated kidney fibroblasts from baby hamsters that had been genetically modified to secrete human CNTF [59] . Human CNTF was found to exert a neuroprotective effect on striatal neurons, including GABAergic, cholinergic and diaphorase-positive neurons. Human CNTF also prevented the retrograde atrophy of layer V neurons in the motor cortex and exerted a significant protective effect on the GABAergic innervation of the two important target fields of the striatum [59] . Another useful method for delivery of neurotrophins is to use a viral expression vector. Introduction of viral vector into brains can achieve local production of exogenous neurotrophic factors. In 3-nitropropionic acid (3-NP)-induced rodent HD model, Jodi et al investigated the neuroprotective effects of glial-derived neurotrophic factor (GDNF) delivered by an AAV. Lewis rats received bilateral injections of either AAV-GDNF or AAV-green fluorescence protein into the striatum followed by chronic subcutaneous infusions of the mitochondrial toxin, 3-NP (38 mg/kg). All rats underwent 4 weeks of behavioral testing and were then killed. Following 3-NP, the motor performance of AAV-GFP-treated rats on a raised platform deteriorated, while the performance by AAV-GDNF-treated rats was near normal. Histological analysis found that 3-NP-treated rats receiving AAV-GDNF displayed 70% more NeuN-immunoreactive neurons compared to 3-NP-treated rats receiving AAV-GFP [60] . Other studies on QAinduced rodent HD models also found that enhanced expression of BDNF or GDNF, achieved by AAV vector-mediated gene delivery, protected striatal neurons. Both AAV-BDNF and AAV-GDNF significantly reduced the loss of NeuN and calbindin-immunopositive striatal neurons 2 weeks after lesion compared to controls [61] .
Neurotrophins not only reduced neuronal loss in chemical models of HD, but also improved behavioral deficits. In rats, bilateral infusion of QA produced a significant loss of bodyweight and mortality, which was prevented by prior implantation of hCNTF-secreting cells. QA produced impairments in motor function and cognitive function. The behavioral deficits induced by QA were abolished by implantation of hCNTF-secreting cells prior to QA infusion. Consistent with behavioral improvements after implantation of hCTNF secreting cells, neurochemical examination revealed that CNTF-treated animals did not exhibit any decrease in ChAT levels and only a 10% decrease in GAD levels in the striatum, whereas in control animals QA decreased striatal ChAT levels by 35% and striatal GAD levels by 45% [59] . Further studies in primates also showed that intracerebral delivery of low doses of CNTF at the onset of HD symptoms not only protects neurons from degeneration but also restores neostriatal functions [62] . These results support the hypothesis that CNTF infusion into the striatum of HD patients could not only block the degeneration of neurons but also alleviate motor and cognitive symptoms associated with persistent neuronal dysfunction.
The elucidation of the genetic defect in patients with HD has allowed for the detection of individuals at risk for HD prior to the onset of symptoms. Thus "neuroprotection strategies" aimed at preventing the neuropathological and behavioral sequelae of this disease might be powerful therapeu-tically, as they could be introduced to healthy patients before the initiation of a massive degenerative cascade principally localized to the striatum. After some issues, such as immunoresponse and long-term survival of transplanted cells, are resolved this type of therapeutic strategy could be ready for clinical testing in HD patients.
Neural cell transplantation For many years investigators have proposed the replacement of lost neurons and the restoration of functions by grafting new cells into specific brain regions. HD pathology affects multiple brain regions, but the striatum is most affected in the early stages. Now many studies have been conducted in animal models and HD patients, giving HD patients new hope for a potential novel therapy.
In early studies on a rodent HD model, intrastriatal injection of striatal neurons obtained from 14 to 15-day-old rat fetuses re-established a new striatum-like structure at the site of the ibotenic acid-induced lesions. This reduced striatal atrophy on average to approximately 50%-70% of normal control in the rats with lesions and to approximately 30%-40% in the animals with grafts. In the rats with grafts, there was a significant recovery of striatal neuronal markers after excitotoxic lesions [63] . Both cell suspensions and tissue chunks can be implanted into the striatum. But grafts derived from cell suspensions triturated in the presence of trypsin contained larger quantities of striatal tissue within the graft and more DARPP-32-positive medium spiny neurons than grafts implanted as fragments of tissue. Afferent and efferent connectivity was also better in the trypsinized suspension graft group [64] . The rationale for neuronal replacement as a possible therapy for HD is strengthened by showing functional recovery after cell transplantation in a primate HD model. A complete and persistent recovery was demonstrated in a frontal-type cognitive task 2 to 5 months after intrastriatal allografting. The striatal allografts also reduced the occurrence of dystonia, a major abnormal movement associated with HD [65] . These results further support the use of neural transplantation as a potential therapy for HD. Grafted cells must establish connection with target neurons to have their functions. The establishment of a neuronal network was revealed in the experiments with transplantation of neural precursor cells into a rat model of HD. Neural precursors survived transplantation and large numbers differentiated to express neuronal markers, including DARPP-32, indicating a mature striatal phenotype had been adopted. Neuronal fibers from the grafts projected diffusely throughout the host brain, although there was no evidence that outgrowth was specifically target directed [66] . The thalamostriatal projections to rat neostriatal grafts were studied using the Phaseolus vulgaris-leucoagglutinin (PHA-L) axonal tracing technique. Two to six months after implantation of striatal primordia into adult neostriata, PHA-L was injected into two different portions of the intralaminar nuclear complex of the thalamus and examined with an electron microscope. Some of the labeled fibers in the grafts formed dense, focal arborizations. However, the synaptic connections in grafts were different from the normal striatum. The shift of postsynaptic elements in the grafts suggests a loss of pathway specificity in the induction of dendritic spines on neostriatal neurons in grafts [67] . In a QA-induced experimental HD model, DA-mediated electrophysiological depression was studied after fetal striatal tissue transplants were grafted. QA lesioning reduced responses to DA in the striatal neurons. The dose of DA required to inhibit striatal neuron activity in the lesioned rats was significantly increased compared to that in the nonlesioned rats. Transplantation of the fetal striatal tissue restored electrophysiological sensitivity to DA in the lesioned striatum. Tyrosine hydroxylase-positive terminals were found innervating the striatal grafts [68] . The survival of grafts and the effects of the grafts on the development of neurological deficits in HD transgenic mice have also been examined. Hemizygote transgenic and wild-type littermate female mice received striatal grafts at the 10 weeks of age and were allowed to survive for 6 weeks. Normal healthy grafts were seen to survive and differentiate within the striatum of transgenic mice in a manner comparable to that seen in control mice. The transgenic mice exhibited a progressive decline in bodyweight from 9 weeks of age and a progressive hypoactivity in an open field test of general locomotor behavior. Although striatal grafts exerted a statistically significant influence on several indices of this impairment, all behavioral effects were small and did not exert any clinically relevant effect on the profound neurological deficiency of the transgenic mice [69] . This could be a result of the rapid development of neurological deficits in this HD model.
The safety and therapeutic effects of neural transplantation have been tested in HD patients. The first clinical trial in HD patients was reported in 1995 by Madrazo et al [70] . In their trial, homotopic fetal striatal homotransplantations were performed on two HD patients. Each patient was implanted in the ventricular wall of the right caudate nucleus with striata from a 13 week-old and a 12 week-old human fetus. After surgery both patients were kept on cyclosporine A for immunosuppression. The two patients were observed for 16-33 months post-transplantation for neurological progression of their disease. The results showed that the disease in both patients had progressed slower in relation to their pre-operative state. The effects of fetal tissue transplantation on HD symptoms were carefully evaluated in three patients who had received surgery. Four to six months after surgery, all patients demonstrated increased scores on some measures of cognitive functions. These findings suggest that fetal striatal transplantation could improve some of the cognitive symptoms associated with HD [71] . In a safety evaluation of three HD patients who received fetal striatal tissue transplantation for one year, MRI revealed that the grafts survived and grew within the striatum without displacing the surrounding tissue. No patients demonstrated adverse effects from the surgery or the associated cyclosporin immunosuppression, nor did any patient exhibit deterioration following the procedure [72] . In a post-mortem examination of an HD patient, who died from cardiovascular disease 18 months after transplantation, histological analysis demonstrated surviving transplanted cells with typical morphology of the developing striatum. Selective markers of both striatal projection and interneurons showed positive transplant regions clearly innervated by host tyrosine hydroxylase fibers. Neuronal protein aggregates of mutant htt, a biohallmark of HD neuropathology, were not found within the transplanted fetal tissue [73] . These results suggest that grafts derived from human fetal striatal tissue can survive for a relatively long time after transplantation into a patient with HD [73] . Functional improvements were demonstrated in the Gaura et al report with three HD patients [74] . They showed that the clinical changes in these three patients were associated with a reduction of the striatal and cortical hypometabolism, demonstrating that grafts were able to restore the function of striato-cortical loops. Conversely, in the two patients not improved by the grafts, striatal and cortical hypometabolism progressed over the 2-year followup. Finally, detailed anatomical/functional analysis of the grafted striata, enabled by the 3D fusion of MRI and metabolic images, revealed considerable heterogeneity in the anatomic and metabolic profiles of grafted tissue, both within and between HD patients.
The safety of fetal striatal tissue transplantation was demonstrated in a few clinical trials [75] [76] [77] [78] . All these studies reported that surgical procedures were safe and patients tolerated grafts well. The major adverse events related to the procedure were associated with immunotherapy. However, a report from Hauser et al raised big concerns on the safety of fetal tissue transplantation [79] . In their clinical trial of 7 patients undergoing bilateral engraftment, there were 4 subdural haematomas (in 3 subjects), 2 requiring neurosurgical drainage. One subject died 18 months after surgery from probable cardiac arrhythmia secondary to severe atherosclerotic cardiac disease. Autopsy demonstrated clearly demarcated grafts of typical developing striatal morphology, with host-derived dopaminergic fibers extending into the grafts and no evidence of immune rejection. These latter subjects might have had more advanced HD with a greater degree of brain atrophy, and this could be a contraindication to engraftment.
Other neuroprotective approaches Mitochondria dysfunction has been implicated in HD pathogenesis. The supporting evidence includes deficiency in mitochondria complex I, II and IV in HD brains and HD transgenic mice. Toxins inhibiting mitochondria complex produce striatal HD pathology. Therefore, compounds enhancing energy metabolism have been evaluated for treatment of HD. In HD patients, lactate was increased in cerebrospinal fluid and cerebral cortex. Treatment with coenzyme Q10 (CoQ10), an essential cofactor of the electron transport chain and an important antioxidant, resulted in significant decreases in cortical lactate concentrations in 18 patients. These findings provide evidence for a generalized energy defect in HD, and suggest a possible therapy [54] . Thus, its neuroprotective effects have been investigated in a variety of animal models. These studies have demonstrated that CoQ10 can protect against striatal lesions produced by the mitochondrial toxins malonate and 3-nitropropionic acid. Oral administration of CoQ10 significantly decreased elevated lactate levels in patients with HD [80] . CoQ10 in combination with the NMDA antagonist remacemide was examined to determine the efficacy in ameliorating the motor dysfunction and premature death of HD transgenic mice. Motor performance was specifically but transiently improved beginning 3 weeks after drug administration. Survival, however, was not prolonged [81] . In another study in HD transgenic mice with CoQ10 and remacemide, Ferrante et al found that oral administration of either CoQ10 or remacemide significantly extended survival and delayed the development of motor deficits, weight loss, cerebral atrophy, and neuronal intranuclear inclusions in the R6/2 transgenic mouse model of HD. The combined treatment, using CoQ10 and remacemide, was more efficacious than either compound alone, resulting in a 32% and 17% increase in survival in the R6/2 and N171-82Q mice, respectively [82] . Huntington et al completed a multicenter, parallel group, double-blind, 2×2 factorial, randomized clinical trial with CoQ10 in 2001 [83] . Research participants with early HD (n=347) were randomized to receive CoQ10 300 mg bid, remacemide hydrochloride 200 mg three times daily, both, or neither treatment, and were evaluated every 4 to 5 months for a total of 30 months on assigned treatment. The prespecified primary measure of efficacy was the change in total functional capacity (TFC) between baseline and 30 months. This study, however, yielded limited beneficial results. Neither intervention significantly altered the decline in TFC. Patients treated with CoQ10 showed a trend toward slowing in TFC decline (13%) over 30 months as well as beneficial trends in some secondary measures. There were increased frequency of nausea, vomiting, and dizziness with remacemide, and an increased frequency of stomach upset with CoQ10.
Another compound having an effect on bioenergy metabolism is creatine. In HD-transgeneic mice, dietary supplementation of 2% creatine significantly improved survival, slowed the development of motor symptoms, and delayed the onset of weight loss. Creatine lessened brain atrophy and the formation of intranuclear inclusions [84] . Later studies suggested that creatine treatment started after onset of clinical symptoms in HD mice was able to significantly extend survival and improve motor performance. There was reduced brain levels in both creatine and ATP in R6/2 mice, consistent with a bioenergetic defect. Oral creatine supplementation significantly increased brain concentrations of creatine and ATP to wild-type control levels [85] . These studies suggest that creatine might be useful in the treatment of HD. A preliminary clinical trial with creatine has been performed in 41 patients for 1 year. Creatine 5 g/d was administered. At baseline and after 6 and 12 months, the functional, neuromuscular, and cognitive status of the patients was assessed by a test battery that consisted of: (1) the Unified Huntington's Disease Rating Scale (UHDRS); (2) an exercise test on an isokinetic dynamometer to assess strength of the elbow flexor muscles; (3) a maximal exercise test on a bicycle ergometer to evaluate cardiorespiratory fitness; and (4) a test to assess bimanual coordination ability. One year of creatine intake, at a rate that can improve muscle functional capacity in healthy subjects and patients with neuromuscular disease (5 g/d), did not improve functional, neuromuscular, and cognitive status in patients with stage I to III HD [86] . It has been suggested that excitotoxicity contributes to the pathogenesis of HD. Riluzole is a substance with glutamate antagonistic properties that is used for neuroprotective treatment in amyotrophic lateral sclerosis, and which is currently being tested in clinical trials for treatment of HD. R6/2 transgenic mice were treated with riluzole orally beginning at a presymptomatic stage until death to investigate its potential neuroprotective effects in the mouse model and it was found that survival time in the riluzole group was significantly increased in comparison to placebo-treated transgenic controls. Additionally, the progressive weight loss was delayed and significantly reduced by riluzole treatment; behavioral testing of motor coordination and spontaneous locomotor activity, however, showed no statistically significant differences. These data suggest that riluzole is a promising candidate for neuroprotective treatment in human HD [11] . Recently a few studies have produced interesting results on the beneficial effects of environment enrichment on HD. van Dellen et al housed HD mice in large standard cages that contained cardboard, paper and plastic objects, which were changed every two days, from the age of 4 weeks [87] . They showed that exposure of these mice to a stimulating, enriched environment from an early age helps to prevent the loss of cerebral volume and delays the onset of motor disorders. In the brains of humans diagnosed with HD cannabinoid CB1 receptors are selectively lost from the basal ganglia output nuclei prior to the development of other identifiable neuropathology. In animal studies, they further showed that HD mice housed in a normal environment show a loss of cannabinoid CB1 and dopamine D1 and D2 receptors in the striatum and the corresponding output nuclei of the basal ganglia. HD mice exposed to an enriched environment showed equivalent loss of D1 and D2 receptors as their "non-enriched" counterparts; in contrast, the "enriched" mice show significantly less depletion of CB1 receptors. These results therefore show that an enhanced environment slows the rate of loss of one of the first identifiable neurochemical deficits of HD [88] . Environment enrichment slowed a decline in RotaRod performance in R6/2 mice. Enrichment also delayed the loss of peristriatal cerebral volume in R6/2 brains [89] . Improvement of motor functions and prevention of loss of bodyweight in HD mice were found. HD patients and transgenic mice expressing mutant human huntingtin exhibit reduced levels of BDNF, hyperglycemia, and tissue wasting. Enrichment entirely corrected these changes. BDNF levels are unaltered in HD in the anterior cortex, suggesting that enrichment might prevent HD-induced impairment of anterograde transport of this neurotrophin to the striatum [90] . It has been shown that dietary restriction (DR) slows down the aging process and increases life expectancy. Further, the progression of neuropathological (formation of huntingtin inclusions and apoptotic protease activation), behavioral (motor dysfunction), and metabolic (glucose intolerance and tissue wasting) abnormalities in HD mice were shown to be retarded when the mice were maintained on a DR feeding regimen, which resulted in an extension of their lifespan. DR increases levels of brain-derived neurotrophic factor and the protein chaperone heat-shock protein-70 in the striatum and cortex, which are depleted in HD mice fed a normal diet. These results suggest a dietary intervention that could suppress the disease process and increase the lifespan of humans that carry the mutant huntingtin gene [91] . These results could provide a molecular basis for ameliorating the effects of HD by some simple yet effective approaches.
Symptomatic treatment
Movement disorder is a prominent feature of HD. The motor component of HD consists of involuntary choreiform movements and increasing difficulties with voluntary movement. Behavioral and psychological problems are the first manifested symptoms in nearly 50% of HD patients. The most common symptoms are loss of energy and initiative, poor perseverance and quality of work, impaired judgment, poor self-care, and emotional blunting. Affective symptoms such as depression, anxiety, irritability, dementia, and schizophrenia-like psychosis occur with a relatively high frequency in HD [92, 93] . At present, in the absence of a cure for HD, it is desirable to treat HD symptoms aimed at enhancing the quality of life of patients and improving overall functioning. These types of treatments should include medication, social service, and physical/occupational therapy.
Management of motor dysfunction
In general, treatment of chorea is not recommended unless symptoms are disabling. Degeneration of striatal GABAergic neurons can cause hyperactivity of dopaminergic systems. Reducing dopaminergic activity might help restore the balance of neurotransmitter functions. Neuroleptics are dopamine receptor antagonists used for the treatment of psychosis. These drugs have been tried for treatment of choreiform movement in HD patients. Haloperidol is a protoform neuroleptic for the treatment of schizophrenia. Haloperidol is a dopamine D2 receptor antagonist. This drug has been tested in HD for reducing abnormal movements. Eighteen patients with Huntington's chorea were examined before and after treatment with haloperidol, pimozide and tiapride to study the effect of such treatment on hyperkinesia and motor performance. Pimozide and haloperidol improved hyperkinesia; none of the drugs significantly affected motor performance [94] . The relationship between serum haloperidol concentration and improvement in abnormal movements was investigated in 20 adult HD patients. Serum samples and assessments of the severity of chorea were simultaneously obtained from each patient. Results showed that significant improvement of abnormal movements, greater than 30% from baseline, occurred at serum concentrations between 2 and 5 µg/L, which corresponded to doses of 1.5 to 10 mg/d [95] . The main adverse effect of haloperidol is the high frequency of dyskinesia. Clinically the most problematic of these are sedation, cognitive slowing, increased mobility problems, and hypotension. The inability of traditional dopamine antagonists to improve functional capacity, despite ameliorating chorea, is possibly a result of the suppression of voluntary motor activity. The antipsychotic drug risperidone was reported to be effective in the treatment of chorea and psychosis in HD patients. After initiating the treatment, the patient experienced improvement in maintaining gait and increased hand skills. It was noticed that the patient had decreased choreiform movements in the second week of the treatment [96] . Chorea in HD and in the levodopa-induced dyskinesias of PD can be clinically indistinguishable. In PD, hyperphosphorylation of NMDA receptors expressed on striatal medium spiny neurons contributes to peak-dose dyskinesias, and drugs that block these receptors can diminish chorea severity. Because these spiny neurons are the primary target of the neurodegenerative process in HD, sensitization of NMDA receptors on residual striatal neurons might also participate in the generation of motor dysfunction in HD. Movement disorder is also treated with the NMDA receptor antagonists riluzole and amantadine. In a 6-week open-label trial of riluzole (50 mg twice a day) in eight subjects with HD, subjects were evaluated before riluzole treatment, on treatment, and off treatment, with the chorea, dystonia, and total functional capacity (TFC) scores from the Unified Huntington's Disease Rating Scale, and magnetic resonance spectroscopy measurements of occipital cortex and basal ganglia lactate levels. The chorea rating score improved by 35% on treatment and worsened after discontinuation of treatment. There was no significant effect on the dystonia or TFC score [97] . In another open label study, riluzole was given (50 mg twice a day) to nine HD patients (clinical stages 1-3; mean age 46.4 years; mean disease duration 8 years). Patients were evaluated at baseline and after 3 and 12 months of riluzole therapy. Results demonstrated that riluzole was well tolerated. At 3 months, mean total motor scale (TMS), mean TMS chorea subscore, and mean total functional capacity scale were significantly improved compared with predrug baseline. At 12 months, however, this beneficial effect on motor status and overall function was not sustained. In contrast, severity and frequency of behavioral dysfunction as well as psychomotor speed assessed by the symbol digit modalities test were improved compared with baseline. These data suggest that there are transient antichoreatic effects and more sustained effects of riluzole on psychomotor speed and behavior in patients with HD [98] . In a case report pre-sented by Bonelli et al, two HD patients with severe motor dysfunction were initially treated with olanzapine (20 mg daily) [99] . Improvement of motor performance was obtained with olanzapine in both patients. After 2 weeks of treatment with olanzapine, riluzole (50 mg twice a day) was added. A further slight improvement of motor function (especially in the fine motor tasks) was seen in the next 2 weeks without additional side-effects.
Another NMDA receptor antagonist tested for use in HD patients is amantadine. In a clinical study conducted by Verhagen et al, 24 patients with HD entered a double-blind placebo-controlled crossover study of amantadine with two 2-week arms [100] . Chorea scores were lower with amantadine (usually 400 mg/d) than placebo, with a median reduction in extremity chorea at rest of 36% for all 22 patients evaluated and of 56% in the 10 individuals with the highest plasma drug levels. Improvement correlated with plasma amantadine concentrations but not CAG repeat length. The acute antidyskinetic effects of IV amantadine in HD were evaluated. A 2-h IV infusion of amantadine or placebo was given to 9 patients with HD on two different days in a double-blind, randomized crossover fashion. All patients subsequently received oral amantadine unblinded for a 1-year period. A reduction of dyskinesia scores was reported during both IV and oral amantadine treatment (P<0.05) [101] .
Management of psychological disturbance
There are not many studies on the treatment of the psychopathology of HD although psychological disturbance is common in HD patients. Episodic aggressive behavior in HD that responded poorly to neuroleptics was reduced by a carefully titrated dose of propranolol in 3 patients with advanced HD. The optimal doses were 180 and 30 mg/d, respectively [102] . Lithium is a mood stabilizer used for bipolar disorder. It has been reported that 6 patients with a family history of HD chorea participated in a double blind crossover trial involving four treatments: lithium carbonate, haloperidol, lithium carbonate and haloperidol, and placebo. None of the treatments significantly affected chorea measurements. With regard to the psychological variables, the levels of irritability, the frequency of angry outbursts and depression did appear to be affected by the treatment in some patients. Three patients improved on a combination of lithium carbonate and haloperidol while the remaining three did not. It is suggested that lithium carbonate and haloperidol together should be seriously considered in the treatment of HD when patients are excessively irritable and impulsive [103] . Atypical antipsychotic drugs have recently been found to be useful in the treatment of HD symptoms including motor dysfunction. Risperidone is a novel antipsychotic drug with a balanced serotonin 5-HT2 and dopamine D2 receptor antagonism. In a case report, risperidone was introduced in combination with clozapine therapy. Risperidone was started at 0.5 mg/d and gradually increased to 6 mg/d over a 6-week period. This coincided with marked improvement in abnormal involuntary movements (AIMS score of 7) and further improvement in psychosis (BPRS score of 7). Choreiform movements of the limbs ceased almost completely, gait improved significantly, and dysarthria and facial grimacing decreased [104] . Olanzapine is a new atypical antipsychotic drug. It is a thienodibenzodiazepine and is structurally very similar to clozapine. Olanzapine has been shown to have a high affinity for a large number of receptors including D1, D2, D4, 5HT2A, 5HT2C, 5HT3, α1-adrenergic, histamine H1, and five muscarinic receptors. Unlike clozapine it is not associated with the potentially serious side effect of agranulocytosis and therefore frequent blood monitoring is not necessary. Dipple reported the first case of using olanzapine in HD [105] . An HD patient who had shown no improvement after using other typical anti-psychotic drugs showed a positive response in improving motor function with olanzapine. As a result, more HD patients were treated with olazapine. In a clinical study with 11 HD patients, 9 patients were treated with olanzapine for 9.8±5.9 months. Assessment of the drug's effects was carried out using the Clinical Global Impression of Change Scale (CGIC) and the United Huntington's Disease Rating Scale behavioral (UHDRS-b) and motor (UHDRSm) at 6-month intervals. The Mean CGIC was 2.1±0.8. UHDRSb improved significantly and UHDRS-m did not change. It was concluded that olanzapine is a good alternative treatment in HD, mainly for psychiatric symptoms and is moderately effective for motor symptoms, possibly because of its effect on chorea [106] . Symptomatic treatment of HD like symptoms with Chinese medicine HD diagnosis is difficult in China as autopsy and genetic testing are usually not performed. However, there are many reports describing successful treatment of choreiform movement disorders (named chorea minor) with Chinese medicine. Among these reported cases, most involve HD-like symptoms caused by other diseases. But these treatments might also be effective in relief of HD symptoms. Recent studies reported that a natural product derived from six herbs, including Ginsheng and Shouwu, protected 3-nitropropionic acid induced striatal lesions and reduced behavioral deficits. This herbal product increased expression of BDNF and GDNF in the brain [107] [108] [109] .
Summary and conclusion
The therapeutic benefits of current symptomatic treat-ments remain to be determined. The effectiveness of drug treatment usually has been evaluated only in a small number of patients, and varies in patients with different stages of HD. In order to confirm the value of these treatments in the management of symptoms of HD, more clinical trials involving a larger number of patients and better design are needed. It should be noted that improvement of chorea by typical neuroleptics might be at the expense of worsening voluntary movement. Extensive studies have greatly advanced our understanding of the molecular mechanisms of HD pathogenesis. The main challenge in finding a cure for HD is the selection of molecular targets. Multiple parallel and sequential signaling pathways are involved in cultivating ultimate neuronal dysfunction and death induced by mutant huntingtin. Identifying upstream and core molecular events could be crucial for therapeutic development. Thus far, these key issues have not been resolved. Another big challenge is an effective read-out for the assay of therapeutic effects. Many novel therapies targeting molecular pathogenesis are awaiting safe and clinical studies. With regards to fetal tissue transplantation, the resources are limited and there is still debate on the ethical issues of using this technology. The safety and rationale of tissue transplantation have also now been questioned [110] . Compounds improving energy production are safe but their effectiveness needs to be further evaluated. At present, NMDA receptor antagonists, riluzole and amantadine, and energy production boosters, CoQ10 and creatine, might be worth testing. The use of Chinese medicine for HD treatment also needs further investigation. We have made great progress, but we still have long way to go in developing a cure for HD.
